Konica-Minolta SPAD-502 leaf chlorophyll meters provide a relative value of leaf chlorophyll content, and from the literature, there are considerable variations among the calibration equations between total chlorophyll contents (mg chlorophyll a + b cm -2 ) and SPAD-502 values. Our objective was to determine the leaf properties that contributed to the variations in calibration. We determined the internal calibration coe cient of ve SPAD-502 meters so that leaf transmittances in the red (650 nm) and near-infrared (940 nm) could be used to calculate SPAD-502 values. A leaf optics model, PROSPECT, was used to simulate transmittances and the chlorophyll-SPAD-502 relationship for di erent leaf optical properties. Spectral and leaf data from maize (Zea mays L.) showed that PROSPECT predicted leaf transmittances within 2%. Maize leaf data used in the PROSPECT model predicted the relationship between chlorophyll content and the SPAD-502 value, although a polynomial regression was a better t to the data. ere was a physical interaction between chlorophyll content and optical leaf structure a ecting leaf transmittances, which is not in the equation for calculating SPAD-502 values. Changing the PROSPECT leaf structure parameter resulted in di erent chlorophyll-SPAD-502 meter relationships, which were similar to the measured range of variation from calibration equations found in the literature. If the red and near-infrared transmittances are saved for each chlorophyll meter reading, then leaf radiative transfer models such as PROSPECT may be inverted to determine the actual leaf chlorophyll content.
Nondestructive measurements of crop nutrient status are important for estimating the optimum rates of in-season fertilization (Fox and Walthall, 2008; Meisinger et al., 2008) . Leaf chlorophyll content varies with nutrient status, and estimating the amount of chlorophyll is the basis for many nondestructive techniques, including leaf chlorophyll meters (Wood et al., 1993; Piekkielek and Fox, 1992; Blackmer and Schepers, 1995) , leaf color charts (Balasubramanian et al., 1998; Haripriya Anand and Byju, 2008) , leaf digital photographs (Karcher and Richardson, 2003; Rorie et al., 2011) , aerial photography (Blackmer et al., 1996; Scharf and Lory, 2002) , and remote sensing (Bausch and Duke, 1996; Daughtry et al., 2000) . Aft er determining the nutrient status, the problem is developing actual fertilizer recommendations (Raun et al., 2002; Varvel et al., 2007) . One of the important limitations of leaf chlorophyll meters is the lack of a mechanistic relationship between meter values and chlorophyll content.
Th e Konica-Minolta SPAD-502 chlorophyll meter measures leaf transmittance centered at the 650-nm (red) and 940-nm (near-infrared) wavelengths (Fig. 1) . Leaf transmittance measured at the 650-nm wavelength (Fig. 1A) is approximately where the extinction coeffi cients of chlorophylls a and b are equal (Feret et al., 2008) , so the SPAD-502 meter estimates the total chlorophyll concentration from leaf transmittance in the red (Markwell et al., 1995; Uddling et al., 2007) . Leaf transmittance measured at the 940-nm wavelength (Fig. 1B) overlaps a minor water absorption feature at 970 nm (Feret et al., 2008) , so diff erences in leaf water content may aff ect the SPAD-502 meter value.
Absorbance is calculated as log 10 (1/T 650 ), where T 650 is the ratio of transmitted to incident light at the 650-nm wavelength. According to Beer's Law, absorbance is proportional to the concentration of chlorophylls a and b, and is proportional to the path length through the leaf. Log 10 transmittance of near-infrared light at 940 nm (T 940 ) is used to account for diff erences in path length. Th e equation for the SPAD-502 chlorophyll meter value (s) is 940 10 650
where k is the calibration coeffi cient, which was not released by Konica-Minolta (Markwell et al., 1995; Uddling et al., 2007) . Because leaves do not meet the assumptions for Beer's Law, even with known k, SPAD-502 values will still be relative measures of the chlorophyll concentration in a leaf. Th erefore, the estimation of leaf chlorophyll content requires empirical calibration, and there have been many studies calibrating SPAD-502 values with measured chlorophyll contents (Table  1) . However, with known k, spectral measurements and simulations using leaf optics and radiative-transfer models could be used to evaluate chlorophyll meter calibrations across a much wider range of conditions than is possible with empirical studies (Markwell et al., 1995; Uddling et al., 2007) . The calibration studies in Table 1 show that the empirical relationships between chlorophyll contents and SPAD-502 values are highly dependent on species or cultivar, growing conditions, and other factors. Our objective was to determine if there are some leaf variables that account for the variations in calibration equations, which would allow chlorophyll content to be calculated from leaf chlorophyll meter values. In this study, we measured k and maize leaf spectral properties and used the PROSPECT leaf optics model (Jacquemoud and Baret, 1990; Jacquemoud et al., 1996; Feret et al., 2008) to analyze the calibration of the SPAD-502 chlorophyll meter for estimating the leaf chlorophyll content.
MATERIALS AND METHODS

Calibration of SPAD-502 Chlorophyll Meters
We used five SPAD-502 units for estimation of the k coefficient (Eq. [1]). Four reading checkers, which came with the units, had a deep blue color caused by very low transmittances at green and red wavelengths ( Fig. 2A) . Thus, the reading checkers could not be used to obtain a reasonable value of k. Instead, we used Roscolux plastic filters (Rosco Laboratories). We measured the spectral transmittances for various Roscolux filters (Fig. 2B ) using an ASD Fieldspec Pro FR portable spectrometer (Analytical Spectral Devices) attached to a LI-1800-12 light integrating sphere (Li-Cor Inc.).
According to the manufacturer (Minolta Co., 1989, p. 20) , the red and near-infrared light-emitting diodes cover small ranges in wavelength. We estimated that the ranges at 50% relative luminous intensity were about ±10 nm for the red band and about ±30 nm for the near-infrared band. Therefore, we averaged spectral transmittances from 640 to 660 and 910 to 970 nm for T 650 and T 940 , respectively.
Leaf and Spectral Data
Nitrogen fertilization experiments were conducted at the Beltsville Agricultural Research Center (39°1¢47.02² N, 76°50¢44.21² W) in continuous corn (Zea mays L.) during the growing seasons of 2011 (Pioneer 35K09) and 2012 (Dekalb DKC57-67) . The experiments were in a randomized block design with four treatments per block and three replicates. Treatment plots were 18 by 24 m. The soil was a coarse-loamy, siliceous, mesic Typic Hapludult. Starter N (20 kg ha -1 ) was applied as urea-NH 4 NO 3 solution (UAN) to all plots. Sidedress N was then applied as UAN at rates of 0, 50, 120, or 260 kg ha -1 , representing 0, 50, 100, and 200%, respectively, of the required N based on yield goals. In 2011, the plots were not irrigated; there was a total of 121.7 cm of precipitation but with only 10.1 cm from 1 June to 10 August. In 2012, half of each plot was irrigated as needed; there was a total of 78.3 cm of precipitation, with 18.9 cm from 1 June to 10 August.
On various dates in 2011 and 2012 (for different vegetative and reproductive growth stages), nine fully expanded leaves in full sun were selected from each plot, placed into plastic bags, and stored in a cooled, insulated container for transport to the laboratory. A small section (about 64 cm 2 ) was selected from the middle of each leaf. Spectral reflectances and transmittances were measured using the ASD spectrometer and Li-Cor integrating sphere. From the measured T 650 and T 940 , the predicted SPAD-502 meter values were determined using Eq. [1]. For each leaf, the SPAD-502 value was obtained by averaging five readings. A 10.1-mm-diameter disk ); C w , leaf water content (g cm -2
). ‡ na, not applicable.
was removed from each leaf and placed into 3.5 mL of dimethylsulfoxide (DMSO) for chlorophyll extraction. The leaf fresh mass and area were then measured using a Mettler AE 260 Delta Range analytical balance (Mettler Toledo) and a Li-Cor LI-3100c leaf area meter, respectively. Leaf thickness was measured using a Mitutoyo digital micrometer (Model 293-340, Mitutoyo Corp.). The leaves were dried at 60°C for 2 d and the dry mass was measured with the Mettler analytical balance. Spectral transmittances of the DMSO extracts were measured in a Lambda 40 UV/VIS spectrometer (PerkinElmer). Chlorophyll a, chlorophyll b, and total carotenoid concentrations in DMSO were determined using the equations of Wellburn (1994) . The sum of chlorophylls a and b divided by the disk area was the total leaf chlorophyll content (C ab , mg cm -2 ).
The ratio of dry mass to area was the leaf dry matter content (C m , g cm -2 ). The difference between fresh mass and dry mass divided by the area was the leaf water content (C w , g cm -2 ). Furthermore, leaf data and spectral transmittances for maize grown at the same site and with the same treatments as above were acquired in 2003, 2007, and 2009 . These data sets included measured SPAD-502 values but did not include leaf chlorophyll data, so these data were used to test the relationship between predicted and measured SPAD values.
PROSPECT Model Simulations
We used the PROSPECT model Version 4, which simulates spectral reflectances and transmittances based on four input parameters: C ab , C m , C w , and a leaf optical structure parameter N (Jacquemoud and Baret, 1990; Jacquemoud et al., 1996; Feret et al., 2008) . The first three parameters determine the radiation absorbed by chlorophyll, dry matter, and water, respectively, and were obtained from the leaf data; however, N was defined as the equivalent number of stacked layers reflecting and transmitting radiation and cannot be physically measured for a given leaf. Therefore, we inferred N from leaf reflectance and transmittance data. Numerous PROSPECT model simulations (1 £ N £ 3, N is not required to be an integer) were analyzed; the ratio of reflectance to transmittance at 850 nm (R 850 /T 850 ) was the best predictor of N using a linear regression equation (N = 0.1371 + 1.402 R 850 /T 850 , R 2 = 0.99995).
To validate the PROSPECT model, we used data acquired on 9 Aug. 2012 for measured C ab , C m , and C w and calculated N from the measured R 850 /T 850 . The four input parameters were then used in the PROSPECT model to predict spectral reflectances and transmittances. The root mean square error (RMSE) was calculated as ( )
for wavelengths l from 400 to 750 nm, where n is the number of bands in a spectrum (n = 351), x l is the measured reflectance or transmittance at wavelength l, and y l is the predicted reflectance or transmittance at wavelength l. The measured ratio R 850 /T 850 is somewhat independent of R 850 or T 850 because there is a small amount of absorption at 850 nm (= 1 -R 850 -T 850 ). Furthermore, we used only the wavelengths from 400 to 750 nm for calculating the RMSE to avoid the 850-nm spectral region. Sensitivity analyses were conducted using the PROSPECT model for variations of C ab (5, 15, 25, 35, 45, 55, 65 , and 75 mg cm -2 ) and N (1.3, 1.7, 2.0, 2.3 and 2.7), with constant C m (= 0.005 g cm -2 ) and constant C w (= 0.015 g cm -2 ). From the simulated transmittances, the predicted SPAD-502 meter values were determined using Eq. [1]. At constant N = 1.3, C m and C w were set to be half and twice the parameter values, and predicted SPAD-502 meter values were determined from model outputs.
Comparisons with Previous Studies
From many published studies (Table 1) , the overall regression equations between measured SPAD-502 values and measured chlorophyll content per leaf area from each study were compiled and converted to common units. Several studies presented data in terms of moles of chlorophyll. When chlorophyll a/b ratios were not provided, we assumed that the ratio was 3:1 to obtain an average molecular weight of 897 g mol -1 . Some studies expressed chlorophyll contents on a basis of either fresh weight (C f ) or dry matter content (C m ); we assumed reasonable values of C f or C m , noted in Table 1 . A few studies had typographic errors in the equations and the respective researchers graciously provided corrections (Table 1) .
RESULTS AND DISCUSSION
SPAD-502 Calibration Coefficient
The Roscolux plastic sheets provided a large range of absorbance (Fig. 3) . Above an absorbance of 2.2, measured SPAD-502 values were saturated. The slope between measured SPAD-502 values and absorbance was the k coefficient; all five SPAD-502 meters had k = 37.0 (Fig. 3) . Uddling et al. (2007) concluded that k would be near 40, and these data show that they were correct. A few studies reported differences in SPAD-502 values acquired from different chlorophyll meters (Marquard and Tipton, 1987; Huang and Peng, 2004) , although Schaper and Chacko (1991) did not find differences between their two chlorophyll meters. Marquard and Tipton (1987) suggested using Wratten filters for meter comparisons, similar to what was done in this study with the Roscolux plastic filters.
We then tested whether spectral transmittance data could be used to predict the measured SPAD-502 values for maize leaves. The predicted and measured SPAD-502 values followed the 1:1 line with a goodness of fit of 0.956 (Fig. 4) . Therefore, simulated transmittances from leaf optics models may be used to explore the relationships between SPAD-502 values and chlorophyll contents across a much larger range of leaf variables than could be obtained from field or laboratory studies.
Empirical Relationship between SPAD-502 Values and Chlorophyll Content
Means and standard deviations of the 2011 and 2012 leaf data are shown in Table 2 . From differences in applied N fertilizer, there was a large amount of variation in C ab followed by variation in SPAD-502 values (Table 2) where the range in SPAD-502 values was from 10 to 65 and the R 2 was 0.820. The polynomial equation was similar to the equations (Table 1) from Markwell et al. (1995) and Castelli et al. (1996) . There were significant positive correlations among the measurements for each leaf (Table 3) . Peng et al. (1993) , Demarez et al. (1999) , Yamamoto et al. (2002) , and Marenco et al. (2009) concluded that leaf C w , C m , or thickness needed to be accounted for when converting SPAD values to absolute chlorophyll contents. These leaf variables were also correlated with the PROSPECT leaf structure parameter N (Table 3) . It is possible that C w and C m were correlated with C ab because water and dry matter have small absorption coefficients at the wavelengths used by the SPAD-502 meter. Alternatively, thicker leaves with more mesophyll cells (larger N) have to have greater C w and C m to supply the additional mass required to be thicker. Therefore, it was difficult to separate the effects of leaf variables on the relationship between SPAD values and chlorophyll content based on data analysis. Instead, simulations using a leaf optics model were required. Table 3 . Correlation coefficients (r) among different maize leaf properties measured at the same location (n = 360). The critical r at a = 0.01 is 0.138, so all correlations were significant. 5 . Spectral transmittances and reflectances simulated from the PROSPECT leaf radiative transfer model for three total leaf chlorophyll contents (C ab ) for a leaf structure N parameter of (A) 1.3 (thin leaf) and (B) 2.3 (thick leaf). Leaf water content (C w ) was set at 0.015 g cm -2 and the leaf dry matter content (C m ) was set at 0.005 g cm -2 .
PROSPECT Model Simulations, Validation, and Sensitivity Analyses
There was an interaction between the PROSPECT leaf structure N parameter and the chlorophyll content parameter C ab (Fig. 5 ). When N was 1.3, there was more transmittance and less reflectance at all wavelengths (Fig. 5A ) than when N was 2.3 (Fig. 5B ). When N was 1.3, there was much more separation in transmittance than reflectance among the three levels of C ab (Fig. 5A ). When N was 2.3, there was more separation in reflectance than transmittance among the three levels of C ab (Fig. 5B) . The T 940 in Eq. [1] accounted for much of the variation in T 650 caused by leaf structure for a given C ab but did not account for the interaction of C ab and N demonstrated by the PROSPECT model simulations (Fig. 5) .
Leaf data (C ab , C w , C m , and N) acquired on 9 Aug. 2012 were used as inputs to the PROSPECT model to predict leaf spectral reflectances and transmittances for comparison with measured spectral transmittances and reflectances (Fig. 6) . Predicted leaf transmittances for leaves with high and low C ab agreed with the measured data (Fig. 6A) . The RMSE between the predicted and measured spectral data averaged 0.02, which was equivalent to a 2% reflectance or transmittance (Fig. 6B) .
Both of the leaves selected for Fig. 6A had an RSME of 0.02, so the agreement shown in Fig. 6A was typical. A sensitivity analysis using the PROSPECT model showed that there was a strong effect of the leaf structure N parameter on the relationship between predicted SPAD-502 meter values and C ab (Fig. 7A ). The effect of N was greater at high leaf C ab than low leaf C ab . Simulations with changes in either C w or C m had no effect on the predicted SPAD-502 value at constant N (Fig. 7B) . These results for the effects of C w and C m on SPAD-502 values were contrary to expectations based on: (i) the partial overlap of the near-infrared band with absorption features of water (Fig. 1B) and dry matter (data not shown), (ii) the correlations among leaf measurements (Table 3) , and (iii) several previous studies (Demarez et al., 1999; Yamamoto et al., 2002; Marenco et al., 2009) .
The PROSPECT leaf optics model helped to identify causes and effects among correlated leaf variables (Table 3) . Whereas the PROSPECT leaf structure parameter N had the lowest coefficient of variation in the leaf data (Table 2 ) and had a smaller correlation with C ab than C w (Table 3) , the simulations with the PROSPECT model indicated that changes in the N parameter may have caused large variations between SPAD-502 values and chlorophyll content. 
Determining Chlorophyll Content with Chlorophyll Meters
Using the average maize leaf data for the N, C w , and C m parameters (Table 2) , the relationship between C ab and predicted SPAD-502 values from PROSPECT model simulations was similar to the relationship between measured C ab and SPAD values (Fig. 8) . However, the empirical fit (Eq. [3]) had a better predictive value than did the PROSPECT simulations using the means for the leaf parameters. The variation in measured C ab about the line in Fig. 8 was similar to the variation caused by differences in N (Fig. 7A) .
Empirical relationships determined in previous studies (Table  1) were compared with the PROSPECT-predicted relationship for maize (Fig. 9 ). The equations from previous studies were used because they expressed the central tendency of each data set. The equations plotted together showed that the variation between C ab and measured SPAD values was similar to the variation caused by differences in the leaf structure parameter N (Fig. 7A) .
The data and PROSPECT simulations indicated that the variable most affecting calibration equations for chlorophyll content is the transmittance at the 940-nm wavelength (T 940 ). The PROSPECT N parameter determines T 940 and is defined as the number of parallel layers refracting light (Jacquemoud and Baret, 1990; Jacquemoud et al., 1996; Feret et al., 2008) . Other chlorophyll meters also measure leaf transmittances in the near infrared: the CCM-200 plus (Opti-Sciences); the atLEAF+ (FT Green); and the CL-01 Chlorophyll Content System (Hansatech Instruments). Therefore, chlorophyll calibrations with these other instruments should be affected by leaf optical structure similar to the SPAD-502 meter.
Determining leaf optical structure from leaf anatomy is difficult because the internal arrangement of mesophyll cells within a leaf is not obviously a set of parallel layers. Refraction of light occurs at the interface of intercellular air spaces with wet cell walls. Slaton et al. (2001) suggested that leaf reflectance (and hence transmittance) in the near-infrared is determined by the area of mesophyll cell walls per leaf area. Bandaru et al. (2010) developed faster methods for estimating the internal cellular surface area based on confocal microscopy. However, estimating the leaf structure parameter N on the basis of microscopy is very far removed from the practical applications that use leaf chlorophyll meters.
For a generic calibration of chlorophyll meters for leaf chlorophyll content, the effect of the leaf optical structure has to be included, but there is no direct method of correcting Eq. [1] for differences in N. One of the main purposes of the PROSPECT model is its inversion to determine N, C w , C m , and C ab from a leaf reflectance spectrum (Jacquemoud and Baret, 1990; Jacquemoud et al., 1996; Feret et al., 2008 ; see also Demarez et al., 1999; Botha Fig. 8 . Measured total leaf chlorophyll a + b content C ab and SPAD-502 values at the same leaf location for 360 maize leaves. The solid line is from PROSPECT model simulations using the mean leaf parameters shown in Table 2 . Fig. 9 . Calculated vs. SPAD-measured chlorophyll contents using the data regression lines from the 29 studies listed in Table 1 . The solid line is from PROSPECT model simulations using the mean leaf parameters shown in Table 2 . et al., 2006) . One promising method for model inversion is the retrieval of chlorophyll content from a look-up table based on T 940 and T 650 . Instead of saving a meter value or index, reprogramming chlorophyll meters to save measured T 940 and T 650 for each reading is all that is required. Besides PROSPECT, look-up tables from other leaf optics models could be included in the software accompanying each meter to avoid bias from any one model. Accuracy at high chlorophyll contents would be increased by including extra light-emitting diodes and sensors at other wavelengths, especially around 550 or 730 nm where the absorption coefficients for chlorophyll a are lower than at 650 nm. If possible, having chlorophyll meters also measure reflectance at the 940-nm wavelength would also increase accuracy by getting better estimates of the leaf structure parameter N compared with transmittance measurements alone. Inversion of leaf optics models to determine chlorophyll content could be the basis for future improvements to chlorophyll meters.
CONCLUSIONS
A single calibration equation for SPAD-502 chlorophyll meters to measure leaf chlorophyll content may not be achievable because of an interaction with the leaf optical structure, represented by the PROSPECT N parameter. Unfortunately, N is a phenomenological variable based on replicating the transmittances and reflectances through stacked transparent layers and is not easily measurable from leaf anatomy. Measured leaf thickness, water content, and dry matter content have potential for increasing the accuracy of predicted chlorophyll contents because these variables were correlated to N for maize. However, acquiring these leaf data along with chlorophyll meter readings in the field would be time consuming and would negate one of the most important advantages of chlorophyll meters. Furthermore, calibrating meter readings with measured chlorophyll contents may be problematic because leaves with higher chlorophyll content generally have greater thickness, dry matter content, and water content, along with a greater leaf structure parameter N. Instead, simulations using leaf optics models, such as PROSPECT, may be used to construct lookup tables based on red and near-infrared transmittances, and changes in leaf optical structure would be incorporated directly into the look-up table.
